Introduction
Non-invasive sensing of the shallow subsurface is necessary for detection and delineation of buried hazardous wastes, monitoring of the condition of clay containment caps, and a variety of other purposes. Electromagnetic methods have proven to be effective in environmental site characterization where there is a need for increased resolution in subsurface characterization. Two considerations strongly suggest the use of frequencies between 100 kHz and 100 MHz for such applications: 1) the induction response of many targets is small due to small size, and 2) a need to determine both the electrical conductivity and dielectric permittivity which are related to chemistry and hydrology. Modeling and physical parameter studies confirm that measurements at frequencies between 1 and 100 MHz can resolve variations in subsurface conductivity and permittivity. To provide the necessary technology for shallow subsurface investigations, we propose to exploit the concept of electromagnetic impedance, the ratio of orthogonal horizontal electric and magnetic fields.
Prior to assembling the equipment for measuring surface impedance using a controlled, local source it was felt prudent to measure the surface impedance of geological materials at the University of California at Berkeley's Richmond Field Station (RFS) using ambient energy in the broadcast band. As a first step toward this intermediate goal, we have examined and characterized local AM band radio signals in terms of both signal strength and polarization of the magnetic component as received at RFS. In addition, we have established the viability of a commercial radio-frequency magnetic sensor.
Field Determination from Three-component Measurements
Observation of three complex spatial components of the magnetic field allows its complete. The field is, in general, elliptically polarized, with the plane of the ellipse inclined in space. Full specification requires identification of the plane of polarization and the ellipse parameters within that plane.
The characterization of a polarization ellipse for a plane wave with arbitrary inplane orthogonal components and their phase difference has been well described by Born and Wolf (c$, 1970, p. 25-27) , with particular reference to optics. Morgan and Evans (195 1:) discuss ellipses of polarization in three dimensions, showing geometrically that any monochromatic wave characterized by three mutually orthogonal components may be described as a planar ellipse. Stutzman (1993) provides a comprehensive discussion of plane polarization in electromagnetic systems, while Booker, et aZ. (195 1) consider elliptical polarization with respect to antennas. Deschamps and Mast (1973) extend the work ofBooker, et al. (1951) to include partially polarized fields, i.e., those having both a polarized and a random component. Smith and Ward (1974) , the appendix of McNeill and Labson (1 990), Bak, et al. (1 993) , and Thomas (1 996) provide a geophysical approach. It must be noted that the various workers cited above, as others who have considered the problem, employ a variety of different conventions. In particular, the axial ratio, or ellipticity is defined as
Minor axis Major a i s E =
, such that 0 ~€ 5 1 , by the majority of the workers, including the geophysical papers, while Stutzman (1993), the current IEEE standard (1983) , and contemporary antenna engineers use the reciprocal, so that 1 5 E 500. Other discrepancies are noted in the definition of rotational sense, direction of viewing the wave, and whether the "ellipticity" is the ratio of ellipse axes or the arctangent thereof (also called "ellipticity angle"). In addition, as Stutmian (1993) notes, there are two different sets of ellipse parameters in common use: tilt angle and ellipticity, or the amplitude ratio of two orthogonal components and the phase angle between them.
We shall take as ellipticity the axial ratio defined in Eqn. where R = 'XY, and 6 is the phase angle between the two (observed) orthogonal components, from which it follows that H,H, sin S ( H , s i n 6~o s S + H , c o s 6 )~ +(H,sinBsinS)2
The magnetic field generated by a vertical electric dipole exhibits linear polarization and remains so indefinitely in free space or over a homogeneous or layered earth. In the presence of 2-or 3-D inhomogeneities, however, secondary fields may render the polarization elliptical. The total field, being the sum of both the primary field and the secondary fields induced in the inhomogeneities, may be deflected from its free space direction. This concept is exploited as the "induction arrow" in geomagnetic depth sounding (Gregori and Lamerotti, 1980, and Parkinson, 1982) .
The challenge is to describe the arbitrarily inclined plane and the ellipse parameters fiom measurements of three mutually spatially orthogonal components of temporally complex phasors. It is important to maintain the distinction between spatial and temporal angles in the following. The notion, described in detail below, is to use one of the observed components as a phase reference for the three spatial components. The plane of polarization, within which the ellipse lies, may be determined by extracting the two temporally orthogonal resultant vectors, Re and Im, from the original three observations; the normal to this plane may be determined by the cross product of the vectors. Further, two spatially orthogonal (but not temporally orthogonal) components within this plane may be calculated from the two vectors and the angle between them.
Standrird methods of Born and Wolf (1970) may then be applied to the spatially orthogonal vectors and the phase (temporal) angle between them to determine the ellipse parameters within the plane.
A total of five parameters are required to characterize the ellipse completely. We use the direction cosines of the unit normal to describe the attitude of the plane, and ellipticity and tilt for the axial ratio and attitude of the ellipse within its plane. The coordinate system is aligned with the x-axis extending from the source to the receiver.
Thus, in the usual conditions, the x-axis is horizontal and in the line-of-sight, the z-axis is vertical and positive upwards and the y-axis is horizontal and positive to form a righthanded coordinate system.
In view of the wide range of conventions commonly employed to describe the polarization ellipse, a listing of some of the other possibilities is in order. The Poincare parameters are often used by antenna engineers as an alternative to the ellipse parameters, tilt and ellipticity; the Poincare parameters are defined as twice the arctangent of the ellipticity (i.e., the axial ratio) and twice the tilt angle. The Poincare parameters are often plotted as points on the surface of a sphere, using the double ellipticity angle as latitude and the double tilt angle as longitude. Different projections of the Poincare sphere onto a plane lforrn the Carter and Smith charts (Theocaris, 1979) . One intuitive alternative for characterizing the attitude of the plane is the use of Euler angles, describing the reorientation of a plane as three rotations, using the pilot's terms of roll, pitch, and yaw.
Conceptually, this definition corresponds to the attitude of an airplane flying away from the origin along the positive x axis, with the z axis pointed upward. Other expressions that are used in important literature references include the Stokes parameters (Kraus, 1982, and Born and Wolf, 1970) H , = H : sin(wt+#,) (4) and take Hy as the reference, as is appropriate for observation of the signal due to a vertical electric dipole at a point displaced along the x-axis, such that #y = 0 and 
Now tlhe normal to the plane of polarization, and thus its attitude, may be found by taking the crclss product of the two vectors n ; j ?
In the particular case of using the amplitude-normalized y-component as the reference vector per Eq. (9, we note that
Im, 0 Im,
so that the attitude in the x-z plane depends solely on the imaginary x-and z-components.
Further, it is often convenient to deal with a unit normal vector to normalize the component amplitudes. To accomplish this, we may divide each of the components immediately above by the magnitude of the normal vector, getting
The in-plane spatially orthogonal components may be composed, for example, by projecting the Im vector onto the Re vector to form a temporally complex "Direction of Real" @OR) vector,
and a purely imaginary "Normal to Real" (NTR) vector,
NTR=iImsinry
The phase between these two components is then which may be inserted into the standard tilt and ellipticity expressions, Eqns. (2) and (3) above, to determine the ellipse parameters within the plane of polarization, DOR Nllli-~in 6 Ellipticity, E = (DOR sin 6 cos S -t-NTR cos 6)2 + (DOR sin 8 sin S>"
Experimental Procedure
Two EMCO Model 6507 loop antennas, serial numbers 9012-1257 and 9010-1240, referred to hereinafter as "A" and "B", respectively, were borrowed fi-om DOE'S Grand Junction (Colorado) office. These devices are represented by the manufacturer to be useful between 1 kE-Iz and 30 MHz; they are used commercially for testing antenna radiation patterns and monitoring broadcast coverage. Appendix 1 is a copy of the individual calibration data for one of the antennas. The basic design is of a single circular turn of wire about 30 cm. in diameter, electrically shielded within a split tube, and teirminated into an integral high-impedance amplifier. The output impedance of the device is 50 a, through a female BNC connector mounted on the metallic base which houses the amplifier and internal batteries.
The measuring instrument throughout this work was a Hewlett Packard HP89410A Vector Signal Analyzer. This device provides two channels of digital data acquisition and analysis at frequencies between 0.01 Hz and 10 MHz, as well as providing a reference signal of variable amplitude and waveform. Observed data may be recorded directly onto a standard 3% inch floppy diskette.
Antenna Calibration
Fixed-source Calibrations A large cylindrical solenoid was used as a known magnetic field source. The solenoid is too small to accommodate the EMCO coil inside, so measurements had to be made external to the solenoid. Two systems of measurement were used: 1) the external field was calculated and compared to the field reported by the EMCO coil using the manufacturer's antenna factors, and 2) a high-fkequency EMI model BF-6 coil, with fairly .flat response up to 100 k€€z, was used as a transfer standard. In the latter procedure, the BF-6 was placed inside the solenoid and calibrated over its usehl range, noting that the results agreed well with the manufacturer's calibration. The BF-6 was then placed outside the solenoid, along the axis, and another set of measurements taken.
The EMCO coil was then positioned at the same place, and its output observed in the empirically calibrated axial field of the solenoid. This empirical procedure was undertaken out of concern that nearby conductive and ferrous objects might perturb the solenoid field from its theoretical value.
The magnetic field inside a long solenoid is given as:
where I is the current flowing in the solenoid, and n is the number of turns per meter of the solenoid.
The solenoid is 164 inches long and has 83 turns, or exactly ! h turn per inch, equivalent to 19.7 turns per meter.
It is important to monitor the current in the solenoid with a low-valued resistor located near the solenoid input to avoid capacitive losses and to use low impedance measuring circuitry in order to avoid spurious capacitive pickup on the leads. While the EMCO antennas are designed for a 50 ohm input impedance, the BF-6 coils are intended to be matched to an infinite impedance measuring system. The HP894 1 OA provides a random noise output, useful for defining transfer functions. There is a trade-off in setting the HP8941OA output level and the bandwidth of the random noise measurement. The amplitude of the BF-6 output exceeds the linear range of the HP89410A input for HP89410A output levels that yield erratic spectra near the lower and upper frequency limits. Pragmatically, better averaging and smoother spectra result when the random noise spectrum is limited to about two decades and the BF-6 output is attenuated by a factor of about 20. A Tektronix optical link was employed as an attenuator, afier careful full spectrum calibration, also affording an impedance matching fhnction by providing a high input impedance for the BF-6 and a low output impedance for transmitting the signal to the HP89410A. Empirical corrections were made for coax cable losses, including the effects of the reactive solenoid. Figure 1 shows schematic diagrams for the measuring setups.
Using three scans of a two-decade bandwidth and 1601 fiequencies for each scan, reasonably smooth calibration spectra may be found over the range 1 .O Hz to 1 MHz. Figure 2 shows the calibration sensitivity and phase spectra for the BF-6 in the solenoid, a total of 4801 frequencies. Note the interfering signals fiom broadcast stations at the high end and fiom the power grid at 60 and 180 Hz.
External Field of a Solenoid
The field on the axis outside the solenoid may be calculated as follows. The magnetic field on the axis of a single loop of current, I, and radius, a, at a distance, z, is (e.g., Halliday and Resnick, 1960, p.770) The solenoid may be treated as a continuous length, L, of such loops having a current distribution nI Ampdm, and integration over them yields the on-axis field at an exterior point, distant Z from the end.
The field strength outside the solenoid proved to be too weak for accurate measurements using the HP89410A source as a random noise generator. Accordingly, the signal source was used in sine wave mode and spot readings were taken at various frequencies between 1 k€3.z and 1 MHz and at a distance of 5 m from the end of the solenoid. Table I Figure 3 shows the interpolated manufacturer's calibration data over the usable spectrum as calibration factor; in Appendix I appears the same information in the forms of sensitivity, antenna factor, and effective area for convenience.
As a hrther test, it was desired to verify that the EMCO antennas exhibit the same sensitivity to a vertical magnetic field as to the horizontal fields for which they are designed and for which they are normally used. To effect this evaluation, we used a smaller solenoid that could be conveniently positioned on end to generate a vertical magnetic field. Field values read in the horizontal and vertical poses agreed within about 5%, consistent with the spacing achieved in a mechanically unstable set-up.
Angular Sensitivity
As a general test of the antenna behavior, and to veri@ its appropriateness for measuring the vector components of the magnetic fields, the directional response of the antennas was measured. This was done by observing the horizontal field while rotating the antenna in small increments. An electric field monopole was used as the amplitude standard for this work (one of the magnetic dipole batteries had become weak and would not last through the time it took to complete a data set). A pattern of angular lines was drawn on a piece of stiff cardboard using a protractor, and the cardboard aligned with geographic north using a Brunton compass. The antenna was then aligned by eye with the inscribed lines. Overall alignment accuracy was estimated to be approximately 52".
Two transmitters were used for this exercise, KNEW at 910 M-IZ and the one at 55.5 kHz. the fact that the vertical field is weak, but no systematic response differences were noted.
Noise Measurements
The HP89410A provides the ability to report the coherence between two signals.
Exploiting this feature, we can determine the noise level of the EMCO sensors following a method described by Nichols, et aZ., (1988) . The notion is to measure the same signal simultaneously with two sensors and note the coherence between the two time series.
Any differences may be considered noise, thus 
Proximity Tests
The possibility of interaction between closely positioned coils is another concern requiring investigation. Each loop and its attendant electronics and cables represent a potential field disruption. A series of ratios between the two coils' outputs were read, all of whilch were within a few percent of unity.
Results

Ambient Field
Observations of the ambient field were performed at the University of California The dominant signals are the AM broadcast stations. The strongest signal is KNEW at 910 kHz, whose 5,000-watt transmitter is located about 1.9 km from the RFS site. Fourteen of the remaining 15 stations are situated generally south of RFS in San Francisco, Berkeley, Oakland, and the South Bay. One station, KCBS at 740 kHz, lies north of RFS in the town of Novato. The stations are scattered about an azimuthal range of about 50" as viewed from RFS. While the total radiated power of each AM station is constant with time (except for day-night shifts for some), the effects of modulation and of variations along the transmission path cause the amplitude at the receiver to vary by as much as 10 dB over a span of a few seconds to several minutes. Accordingly, it is necessary to make all observations with respect to a reference sensor. Table II summarizes the AM radio stations used as signal sources for most of this work.
The AM stations occupy a 20 kHz bandwidth, into which their modulation sidebands are fit. Figure 7 shows in detail a typical averaged spectrum for KNEW.
Freq, Call
Transmitter Location Power, Bearing particularly intricate modulation pattern and broad, complicated sidebands. Several other transmitters were noted at various times, but were not consistently on the air, and were not used. Signals were not consistently recognizable from such standard broadcast stations as WWV at 2.5, 5, and 10 MHz and medium-wave broadcasts; the EMCO noise level obscures these sources.
Amplitude Observations
Observed three-component spectra over the usehl range of the EMCO coils, 
Comparisons between the two EMCO coils using ambient fields
The two EMCO coils were arranged in parallel in a general east-west direction so as to observe the primary components of the AM radio stations. Simultaneous data were collected, first with EMCO antenna "A" connected to Channel 1 of the HP89410 and "B'
to Channel 2 (case I), and then with the antennas interchanged on the ends ofthe cables (case 11). We can deduce the different sensitivities and phase responses from this procedure by considering each indicated response to be of the form
where C is the sensitivity of the coil, and k is the response function of the cable and channel
Taking ratios and differences to isolate the amplitudes and phases of the sensitivity functions, we find that and Table E I shows the amplitude differences, in percent, and the phase differences, in degrees, between the responses of the two antennas. 
FIMS:
1.5
Del Phi, deg -1.4 -1.9 -1.4 -1 .I -0.9 -0.6 -0.9
These results show that the two antenna amplitude responses are within about 1 '/% of each other, and the phases are within one degree, and better on the average.
Attitude and Ellipse Results
The attitude of the polarization plane and the ellipse parameters were calculated by the methods outlined above. 
Conclusions
Based on these data, we conclude that it is reasonable to make high-frequency magnetic field measurements at least to frequencies of about 1 MHz using the EMCO 
